The formation of ad-SO x species on Pt/SiO 2 upon exposure to SO 2 in concentrations ranging from 10 to 50 ppm at between 200 and 400 C has been studied by in situ diffuse reflectance infrared Fourier transformed spectroscopy. In parallel, first-principles calculations have been carried out to consolidate the experimental interpretations. It was found that sulfate species form on the silica surface with a concomitant removal/rearrangement of silanol groups. Formation of ad-SO x species occurs only after SO 2 oxidation to SO 3 on the platinum surface. Thus SO 2 oxidation to SO 3 is the first step in the SO x adsorption process, followed by spillover of SO 3 to the oxide and, finally, the formation of sulfate species on the hydroxyl positions on the oxide. The sulfate formation is influenced by both temperature and SO 2 concentration.
Introduction
Emissions of sulfur dioxide (SO 2 ) are harmful both to the human health and the environment. A significant part of the SO 2 emissions originates from thermal power generation during the combustion of sulfur-containing fuels. Before venting the flue gas from such combustion processes to the atmosphere, SO 2 is usually removed by desulfurization in a scrubber. Herein the flue gas is treated with lime slurry to form gypsum that is collected at the bottom of the scrubber while the cleaned flue gas is vented to the atmosphere at the top. In addition to lime slurry, there are numerous of other absorbents for SO 2 removal such as dry lime or seawater with high alkalinity.
For efficient desulfurization, both the concentration and distribution of SO 2 in the desulfurization unit are important parameters to measure. In this connection, sensors as part of the process control system play a decisive role in the optimization of the desulfurization process.
To enable installation of multiple sensors in the flue gas duct, small and cheap sensor devices need to be developed. Several studies have been performed to investigate potential sensors for this application. The silicon carbide field-effect transistor (SiC-FET) sensors are among the most promising candidates because such devices can be operated at high temperature, low oxygen concentration and harsh industrial environments. 1, 2 SiC-FET sensors have already shown promising results in industrial applications for detection and control of ammonia 3 and carbon monoxide. 4, 5 More recently, efforts to develop SiC-FET sensors for SO 2 detection in desulfurization systems have been performed. 6 The response of this type of device depends on the adsorption and subsequent chemical reactions of the flue gas compounds on the surface of the sensor. The sensitivity and selectivity of SiC-FET sensors can be tuned by changing the material of the catalytic metal gate, 4 the gate insulator, 7 the morphology of the gate, 8, 9 the operating temperature 4 and the bias voltage on the substrate 10 or the gate. 8, 11 For the gas sensor considered in the present study, the gate material is a porous thin layer of platinum on top of silicon dioxide as gate oxide. The surface of this type of sensor is illustrated in ??a and b.
Understanding the detection mechanism of the sensor is crucial for the development of efficient sensors. Of particular importance is to map out the adsorption properties and chemical reactions proceeding on the surface of the sensor gate in order to improve the sensing performance. Previous studies, with integrated in situ diffuse reflectance infrared Fourier transformed spectroscopic (DRIFTS) measurements and theoretical modeling, show that the detection of hydrogen involves adsorption and subsequent dissociation of the hydrogen molecule on the catalytic metal gate, followed by diffusion of the hydrogen atoms/ions to the insulator. The latter create a polarized layer of hydroxyl groups and the resulting electric field changes the conductivity of the channel underneath the gate. 1, 12 The formation of hydroxyl groups was revealed by vibrational frequency studies of the interaction of hydrogen-containing species on the Pt/SiO 2 system. 13, 14 In these studies highsurface area silica impregnated with platinum was used as a model for the sensor surface(s) in order to facilitate a reasonable signal-to-noise ratio in the direct measurements of adsorbed species with DRIFTS.
The detection mechanism of non-hydrogen compounds as carbon monoxide (CO) and sulfur oxides (SO x ) is not as straightforward. A previous study of the detection mechanism of CO on a Pt/SiO 2 SiC-FET sensor 15 showed that the sensor response is influenced by several factors.
A strong correlation was observed between the sensor response and the coverage of CO on the surface of the sensor. In fact, the CO/O coverage influences the oxidation state of Pt at the surface and therefore also the electrical characteristics of the device. Furthermore, catalytic CO oxidation on Pt may promote spillover/reverse spillover of oxygen between the Pt and the oxide, which may play a role in the detection mechanism.
The aim of the present work is to study the interaction of SO 2 with Pt/SiO 2 and the subsequent formation of ad-SO x species upon exposure to SO 2 concentrations for which SiC-FET sensors show good response. 6 Thus we have carried out experiments with SO 2 concentrations between 10 and 50 ppm both in absence and presence of oxygen in the temperature range of 200-400 C and used DRIFTS to characterize the surface species in situ. In parallel first-principles calculations have been performed to scrutinize the vibrational frequencies of several species that might be present on the surface to guide the assignment of surface species and strengthen the experimental findings.
Experimental and theoretical methods Sample preparation and characterization
The details on the preparation and characterisation of the Pt/SiO 2 sample can be found elsewhere 16 and thus we give only a brief description here. Silica powder (Kromasil Silica KR-300-10, Akzo
Nobel Eka Chemicals) was pretreated in air at 600 C for 2 hours. Alfa Aesar GmbH & Co. KG). In order to increase the interaction between the platinum precursor and the support material, the pH of the solution was adjusted to 11 by NH 4 OH addition. 17 After stirring (20 minutes), the sol was instantly frozen with liquid nitrogen, freeze-dried for 12 hours and finally calcined in air at 500 C for one hour using a heating rate of 5 C/min.
The surface area of the sample was measured with nitrogen physisorption and the specific surface area was calculated to be 117 m 2 /g according to the BET method for P/P 0 = 0.05-0.20.
The sample was also studied by scanning transmission electron microscopy (STEM), using an FEI Titan 80-300 TEM with a probe Cs (spherical aberration) corrector operated at 300 kV and a high-angle annular dark field (HAADF) STEM imaging mode providing Z number contrast. The sample contains platinum particles with diameters ranging from one to ten nm, with about 40% below three nm. The corresponding dispersion of platinum is about 7%.
Experimental equipment and procedures
The in situ infrared Fourier transformed spectroscopic measurements were performed in diffuse reflectance mode using a Bio-Rad FTS6000 spectrometer equipped with a high-temperature stainless steel reaction cell (Harrick Scientific, Praying Mantis) coated with Silcolloy 1000 (SilcoTek) and provided with KBr windows and a nitrogen cooled MCT detector. Table S1 to S3 in the supporting information.
As shown in ??a the structures of the silica clusters are represented by a Si(OH) 4 cluster from Wallin et al. 22 and by a cluster cut out from the structure of b -Cristobalite, 23 respectively. The b -Cristobalite structure was chosen because the cluster provides a more realistic structure for the SiO 2 surface, and exhibits a higher stability due to its larger size. Additionally, it presents on its surface different types of hydroxyl groups that can act as adsorption sites for SO 2 . Two types of Pt clusters were used in the simulations. The first is a Pt 4 cluster, with corners consisting of single atomic Pt, to model the interaction between the gas and a Pt atom. The second is a larger Pt 22 cluster to represent a Pt (111) surface. The geometries of these structures were optimized to calculate the structures and ground state energies of different species during the gas-metal-oxide interaction. In addition, a model was also employed to simulate diamond-SO 2 interactions. The dangling bonds in diamond were terminated with OH-and H-groups. 24 In this study computations were performed to calculate both the adsorption energy between SO 2 and the Pt/SiO 2 surface, and the IR vibrational frequencies. Local energy-minimum structures were derived by performing geometry optimizations using the Gaussian03 program where the atomic positions in the initial structures (positions as in the crystal structures) were allowed to relax to diminish the energy. The adsorption energies were computed from the electronic energy of the geometry-optimized products minus the sum of the electronic energies of the geometry-optimized reactants, the product being the complex of a Pt or silica cluster and the adsorbed molecule and the two reactants being the pure cluster and the free molecule. The IR spectra were obtained from normal-mode calculations for the geometry-optimized structures using the same basis sets as above.
Results
The SO x adsorption experiments with the 4%Pt/SiO 2 sample were all carried out using natural diamond as diluent. Despite this, nearly complete absorption of infrared radiation is observed in the region 1000-1200 cm 1 and thus this region is omitted in the following analysis (cf. Figure   S1 ). Further, it is worth mentioning that the response signals for all reference spectra, i.e., before SO x exposure, are similar (cf. Figure S1 ). This supports that the sample regeneration procedure carried out between the SO x adsorption experiments works well. , between 4000-2600 and 1650-1200 cm 1 . The IR spectra reported hereafter are solely the current spectra subtracted from the corresponding background spectra (cf. Figure   S1 ). The evolution of the absorption bands related to sulfates (1480-1350 cm 1 ) and terminal silanols (3900-3400 cm ) on silica, while the two negative bands previously have been assigned to isolated 26 and vicinal (H-bonded) 13 silanols (SiOH), respectively (cf. ??). More difficult to interpret is the absorption band at 1336 cm 1 , which could be due to SO 2 adsorbed on the surface of either silica 27 or diamond. 28 A positive broad band is also observed between 3420 and 2600 cm 1 , with a maximum at 2660 cm 1 . This might be related to a combination of OH stretching mode of perturbed hydroxyl groups on silica 26 (cf. ??) and SH stretching mode of SiSH. 29 However, the band is not very pronounced. Moreover, a small positive peak, which we assign to the deformation vibration of condensed water, is detected at around 1594 cm 1 together with two series of negative sharp rotational bands between 3905-3540 cm 1 and 1900-1450 cm 1 , which are characteristic for gaseous water. 13 The same absorption bands are observed during the corresponding experiments with 30 and 50 ppm SO 2 , with slightly increasing intensity with increasing SO 2 concentration.
As regarding the integrated peak area for sulfates on silica ( However, continuing the experiment by adding also oxygen at t=25 min results in a minimum in the detected outlet SO 2 concentration. This is, at least qualitatively, a real effect and not an artifact caused by the gas system design. The minimum reflects both oxidation of SO 2 into SO 3 (which could not be resolved properly with the present mass spectrometer as SO 3 may fragment to SO 2 ) and storage of SO 3 as observed by IR. We mention that a quantitative analysis of SO x storage is not straightforward from the present data due to uncertainties about the gas system SO 2 . However, the minimum supports that oxygen is needed to adsorb SO 2 and supports the IR results well.
Since the results of the experiments performed at 300 and 400 C are qualitatively similar (??
b and c), they will be described together. Similarly to the experiments at 200 C, after 15 min of exposure to 10 ppm SO 2 an absorption band at 1415 cm 1 appears, accompanied by two negative absorption bands at 3730 and 3536 cm 1 . In these experiments a tiny positive peak at 3745 cm 1 can also be observed. Once again we can easily assign the first band to surface sulfates on silica 25 and the two negative bands to isolated 30 and vicinal (H-bonded) 13 silanols, respectively, whereas the peak at 3745 cm 1 might be due to the formation of geminal hydroxyl species on silica. 31 A series of overlapped positive bands appear between 1360 and 1200 cm 1 , likely due to a combination of different sulfur containing species. In particular, the absorption band at 1328 cm 1 (already observed during the experiments performed at 200 C) could be due to SO 2 adsorbed on the surface of either silica 27 or diamond. 28 The positive broad absorption band centered at 1286 cm 1 , which is observed only at 400 C, is more difficult to assign. It might be due to the stretching mode of C=S in trans-HSCS, 32 but it is also characteristic of both deformation mode of HCS in trans-HCSSH 32 and stretching mode of SiS in silicon oxysulfide species (OSiS). 33 Finally, the positive bands at 1237 and 1232 cm 1 , in the experiments performed at 300 and 400 C, respectively, might be related either to trans-HSCS species 32 or to the SiOSi asymmetric stretching of silica. 29 Alternatively, adsorbed SO 2 species on platinum have been reported to show characteristic absorption bands in the wavenumber range 1300-1100 cm 1 . 34 Two new positive broad absorption bands appear at 3261 and 3090 cm 1 when exposing the sample to higher SO 2 concentrations at 400 C, which are difficult to assign. A broad band around 3250 cm 1 was previously observed for highsilica-containing zeolites by Zholobenko et al. 35 and assigned to a complex with a hydrogen bond between acidic OH groups and one lattice oxygen atom. Furthermore, bands at 3100 and 3050 cm 1 , ascribed to OH groups which form a hydrogen bond with the oxygen atom of water, were observed by Karyakin et al. 36 The peaks at 3261 and 3090 cm 1 might also be due to perturbed silanols 26 H-bonded to an oxygen atom of sulfates (cf. ??) or to C-H stretching mode 37 [40] of diamond species. Once again the integrated peak areas for the experiments at 300 and 400 C remain 
SO x adsorption on silica, platinum and diamond
The difference absorption spectra collected at the end of each experiment performed on the SiO 2 diluted in diamond are reported in Figure S3a . The absence of absorption bands at all temperatures suggests that the species adsorbed on the silica surface prior to the experiments are not modified upon the SO 2 exposure. The spectra collected at the end of each experiment for Pt black diluted with diamond (after 15 min of exposure to 50 ppm SO 2 , and further 15 min in the presence of 50 ppm SO 2 and 10% O 2 ) are reported in Figure S3b . In all experiments with Pt black the most significant changes are observed in the wavenumber region 1350-1200 cm 1 . Two overlapping absorption bands appear at 1336-1328 and 1237 cm 1 upon SO 2 exposure at 200 and 300 C. We assign the first band to SO 2 adsorbed on the surface of either diamond or the reaction cell 28 and the second to trans-HSCS species. 32 An absorption band at 1287 cm 1 accompanies that at 1232 cm 1 upon SO 2 exposure at 400 C, which might be related to the HCS deformation of trans-dithioformic acid (HCSSH) 32, 38 or to SO 2 adsorbed on Pt. 34 We mention that no sulfur containing species on platinum could be detected under oxygen-free conditions (not shown). The absorption bands at 3261 and 2990 cm 1 are not straightforward to assign but might be related to some form of C-H stretching. 37 However, even if unlikely (see discussion), a contribution of the KBr windows and/or impurities present in the DRIFTS reaction cell cannot be excluded.
Computed energetic and structural data
The optimized structure of gaseous sulfur oxides (SO 2 , SO 3 ) or sulfate (SO 4 2 ) on the Pt surface presents an oxygen atom of the adsorbate bonded to the Pt surface with a Pt-O distance around 2.12-2.46 Å, in agreement with previous studies of SO 2 adsorption on a Pt surface. 39 As the number of oxygen atoms bonded to the sulfur atom increases, the interaction becomes stronger, as shown in ??. The interaction energies of sulfur oxides with the Pt 4 cluster and the Pt surface are significantly different due to the under-coordinated state of platinum in the Pt cluster. 22 In the case of SO 2 adsorption on SiO 2 , two different scenarios are considered: SO 2 interacts with a hydroxyl group by forming either an intermolecular or an intramolecular bond. In the first case, a hydrogen bond is formed between the hydrogen in the hydroxyl group and the oxygen in Computed IR vibrational spectra Additional calculations were performed for the Pt-H and the SO 2 -diamond systems to investigate whether spillover of hydrogen atoms from the oxide to the metal is possible and the SO 2 interaction with carbon, respectively. The results are shown in Figure S7 . A Pt-H bond should generate a peak at 2295 cm 1 , which is not observed experimentally. Thus the computations do not support the possibility of hydrogen spillover to the Pt surface. A C-S bond should result in an absorption band around 1300 cm 1 , which might explain the peak observed in the experiment with Pt black diluted with diamond. However, the intensity for these peaks is very low. Indeed, these peaks might also originate from Pt-sulfur interactions (1200-1300 cm 1 ). In the case of diamond less intense peaks can also be observed at 1100 cm 1 for C-C bonds, at 1300-1400 cm 1 and around 3000 cm 1 for C-H bonds.
Discussion
In order to allow for a fair comparison of the results, all DRIFTS experiments have been performed using one single sample of 4% Pt/SiO 2 . Although the development of a sample regeneration procedure is beyond the present scope, it is worth to spend a few words on this before discussing the results. Different strategies for cleaning of the surface after each SO 2 adsorption experiment have been tested. Purging the sample with Ar or 10% O 2 in Ar at 200 C showed to be insufficient as well as heating the sample to 400 C in an Ar flow. On the contrary, feeding 4% H 2 in Ar made most of the IR absorption bands detected in presence of SO 2 to disappear, which means that the species adsorbed on the surface of the sample are removed. This is also in-line with previous studies where treatments under various reducing atmospheres were reported to efficiently remove sulfur species from sulfur-poisoned catalysts. 40, 41 The efficiency of the regeneration procedure used in the present study is further proved by the overlap of the reference spectra collected prior to each experiment (cf. ??). Therefore concerns about the comparability of the results of different experiments can be ruled out, as a common starting point was found for the Pt/SiO 2 surface.
A second issue that might influence the results is the fact that the Pt/SiO 2 sample has been diluted with diamond powder. The need of a transparent diluent is unquestionable as silica absorbs strongly in the infrared region between 1600 and 1000 cm 1 , which coincides with the fingerprint region for sulfur containing species. 37 The most common diluents used in IR spectroscopic studies are alkali halides such as potassium bromide (KBr). However, these alkali salts might react with SO 2 in the gas phase and form potassium sulfate (K 2 SO 4 ), giving rise to undesired IR absorption bands. 38, 42 An absorption band at 1140 cm 1 , accompanied by a less intense band at 1265 cm 1 , has been observed in our lab when exposing a KBr powder sample mixed with 1 wt.% platinum black to several SO 2 /O 2 gas mixtures. When only SO 2 was present in the feed, a double band at 1378 and 1353 cm 1 was observed, which is typical of gaseous SO 2 . In the light of these results, we might consider a contribution of the KBr windows unlikely in our experiments, since they are exposed only to SO 2 in the gas phase, whereas gaseous SO 3 can be formed only by oxidation of SO 2 on active platinum sites in the catalytic bed. However the use of KBr as diluent for the Pt/SiO 2 sample would likely give rise to undesired IR absorption bands. To our purpose, it was therefore preferable to use a transparent non-reactive material, such as diamond, 43, 44 as diluent.
Blank experiments have been performed using diamond powder, which was mixed with platinum black in order to allow the occurrence of the catalytic oxidation of SO 2 to SO 3 . The results (cf. Figure S3 ) clearly show that the contribution of the diluent and of the reaction cell is negligible for wavenumbers above 1350 cm 1 , exception made by the absorption bands at 3261 and 2990 cm 1 , which can be assigned to some form of C-H stretching, as suggested by calculations (cf. Figure S7 ).
On the contrary, all the absorption bands detected in the IR region 1350-1200 cm 1 for the Pt/SiO 2 sample also appear in the corresponding blank experiment, with comparable intensities. Thus we might confidently suggest that sulfur-platinum and/or sulfur-carbon (either from the diamond diluent or the interior of the stainless steel reaction cell) interactions are established during the experiments. This is also in agreement with calculations (cf. Figure S4 ). In the light of these results, only absorption bands above 1350 cm 1 will be considered in the following discussion of the experiments for the Pt/SiO 2 sample, together with the peak at 1286 cm 1 that we assign to the Pt-O vibration frequency for sulfate on platinum.
It is generally recognized that silica surfaces are terminated with either oxygen from siloxane groups or OH from one of several forms of silanol groups (??). The latter could be i) geminal; two silanol groups attached to the same silicon atom, ii) isolated; free silanol groups not interacting with each other or iii) vicinal; two silanol groups attached to two different silicon atoms bridged
by an H-bond. 45 In principle, when performing a DRIFTS study, one should be able to distinguish between these species since they present different vibrational frequencies. A broad absorption band between 3600 and 3450 cm 1 is characteristic for vicinal silanols, 13 whereas when isolated or geminal silanols are present on the surface sharp absorption bands appear at 3720 26 and 3742 cm 1 , 31 respectively. However, OH stretching vibrations of vicinal silanols overlap with those of adsorbed water. 13, 22, 29, 35 Furthermore, upon exposure of the surface to different species in the gas phase, interactions between silanols and adsorbates can be established, which might give rise to shifts in the positions of the absorption bands. In the following we will refer to these species as perturbed silanol groups.
The DRIFTS experiments clearly show that the formation of sulfates on the silica surface (1430 However, since these bands are observed also on the blank experiments performed on diamond powder, the major contribution in this wavenumber region is likely to come from stretching vibration mode of C-H bonds. This possibility is also supported by the computational results, where peaks around 3082 cm 1 were calculated for C-H vibration (cf. Figure S7 ). Experimental results clearly show that platinum plays a major role in the storage mechanism. It has been shown that the presence of platinum can enhance the performance of ceria-based SO x traps, which is explained by the formation of SO 3 over noble metal sites and the subsequent spillover to the support. 46, 47 In the present study, both the IR spectra (??) and the integrated peak areas for sulfates on silica and terminal silanols (??) indicate that the SO x storage process occurs only in the presence of oxygen in the feed gas. Moreover, no surface species are formed/removed during blank experiments performed on bare SiO 2 , neither in absence nor in presence of O 2 ( Figure S4a ). terminal silanols during the reducing pre-treatment. 13 Another important information that we can obtain from the IR spectra is that the nature of the surface sulfates formed on silica neither is dependent on the temperature at which the experiment has been performed nor on the SO 2 concentration used, since the same absorption band at 1430 cm 1 is observed for all experiments. However, the amount of sulfates that form on silica depends on the SO 2 concentration in the gas phase. This is especially clear from the IR spectra displayed in ??, showing a direct comparison between spectra collected after exposure of the sample to different concentrations but the same total amount of SO 2 . Furthermore, the amount of sulfates formed depends also on the temperature, with the higher intensity for the IR band related to sulfates on silica (1430 cm 1 ) always obtained at the end of the experiments performed at 300 C, which is in agreement with the sensing measurement on Pt-gate sensors performed previously. 6 This might be explained considering that the adsorption process is a compromise between kinetics and thermodynamics, with higher temperatures enhancing the rate of SO x adsorption but limiting the amount of SO x that can be stored. This is also consistent with the asymptotic trends observed for the integrated area of sulfates on silica at 300 and 400 C, indicating that saturation was approached during the corresponding experiments.
Conclusions
In the present study the interaction between SO 2 and Pt/SiO 2 and subsequent formation of ad-SO x species has been studied using in situ DRIFT spectroscopy. be formed on the silica surface, which can modify the electrical behavior of the device. The results also indicate that the sulfate formation on silica is temperature dependent and peaks at 300 C, while perturbed silanol groups only seem to be formed at 400 C. Interestingly, the effect of SO 2 exposure in the DRIFT experiments depends on the SO 2 concentration in the feed gas mixture.
The highest intensity for the absorption bands related to sulfates on silica was observed for the lowest (10 ppm) and the highest (50 ppm) SO 2 concentrations at all investigated temperatures. 1.0
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Time (min) Figure 5 : Integrated peak areas between 1480 and 1350 cm 1 representing sulfates on silica (dashed lines) and between 3900 and 3400 cm 1 representing silanols (solid lines) for the experiments at a) 200, b) 300 and c) 400 C. 
